Marked activation of the sympathetic nervous system occurs during and after noncardiac surgery. Low-dose clonidine, which blunts central sympathetic outflow, may prevent perioperative myocardial infarction and death without inducing hemodynamic instability.
M yocardial infarction is the most common major vascular complication of surgery and is associated with substantial mortality. 1 During and after noncardiac surgery, there is marked activation of the sympathetic nervous system, which can lead to a mismatch between the supply of and demand for myocardial oxygen and to subsequent myocardial infarction. [2] [3] [4] We previously reported that perioperative administration of a high-dose, long-acting betablocker (initiated 2 to 4 hours before surgery and continued after surgery) reduced the risk of myocardial infarction but increased the risk of death, stroke, and clinically important hypotension. 5 Clonidine, an α 2 -adrenergic agonist, blunts central sympathetic outflow and has analgesic, anxiolytic, antishivering, and antiinflammatory effects, all of which may prevent perioperative myocardial infarction. [6] [7] [8] [9] The results of small, randomized trials have suggested that perioperative administration of low-dose clonidine reduces the risk of myocardial ischemia without inducing hemodynamic instability and may prevent myocardial infarction and death. 6, 10, 11 To further evaluate the effects of perioperative clonidine, we conducted the Perioperative Is chemic Evaluation 2 (POISE-2) trial. We tested the hypothesis that perioperative administration of low-dose clonidine, as compared with placebo, reduces the 30-day risk of a composite of death or nonfatal myocardial infarction in at-risk patients undergoing noncardiac surgery.
Me thods

Study Design
The POISE-2 trial was an international, randomized, controlled trial with a 2-by-2 factorial design that allowed separate evaluation of the efficacy and safety of clonidine versus placebo and aspirin versus placebo in patients undergoing noncardiac surgery. This article describes the results of the comparison of clonidine with placebo; the results of the comparison of aspirin with placebo are reported elsewhere in the Journal. 12 Details regarding the objectives, design, and methods of the study have been published previously. 13 
Study Oversight
The Population Health Research Institute was the coordinating center for the POISE-2 trial and was responsible for the randomization scheme, the database, validation and analyses of the data, and trial-center coordination. Boehringer Ingelheim donated the clonidine study drug, and Bayer Pharma the aspirin study drug; both companies were provided with a copy of the initial draft of the manuscript. However, no donor or funder of the POISE-2 trial had any role in the design or conduct of the trial, the collection or analyses of the data, or the writing of the manuscript. The operations committee (see the Supplementary Appendix, available with the full text of this article at NEJM.org) designed the trial and prespecified the statistical analysis plan, and the members of that committee vouch for the data and analyses and for the fidelity of the study to the protocol (available at NEJM.org). The first author wrote the first draft of the manuscript, and all the authors made substantive revisions and made the decision to submit the manuscript for publication.
Procedures
We recruited patients from July 2010 through December 2013. The inclusion and exclusion criteria are listed in Section 1 in the Supplementary Appendix. Ethics approval was obtained at each participating site. After providing written informed consent, patients were randomly assigned, in a 1:1:1:1 ratio, to receive clonidine and aspirin, clonidine and aspirin placebo, clonidine placebo and aspirin, or clonidine placebo and aspirin placebo. Randomization was performed in fixed blocks with the use of a computerized interactive Webbased randomization system, with stratification according to center and status with respect to long-term aspirin therapy. Patients, health care providers, data collectors, and outcome adjudicators were unaware of the study-group assignments.
The study centers were encouraged to instruct patients not to take their usual antihypertensive medications, including beta-blockers, on the morning of surgery and to have study personnel review patients' vital signs in the presurgical area, report the results to the anesthesiologist, and ask the anesthesiologist whether the patients should receive their antihypertensive medications and, if they should, what dose they should receive. At 2 to 4 hours before surgery, patients who met the hemodynamic criteria (i.e., systolic blood pressure ≥105 mm Hg and heart rate ≥55 beats per minute) received 0.2 mg of oral clonidine or placebo and had a transdermal clonidine patch (which releases 0.2 mg per day and has physiological effects within 24 hours) 14 patch applied to their upper arm or chest; the patch remained there until 72 hours after surgery. Patients also received aspirin or placebo just before surgery and continued receiving it daily throughout the postoperative period. Blood pressure and heart rate were measured 1 hour after the first dose of the study drug was administered and every 4 hours for the first 96 hours after surgery. If clinically important hypotension or bradycardia developed in a patient and did not respond to initial treatment (e.g., a fluid bolus), study personnel encouraged removal of the patient's clonidine patch. Attending physicians made all medical decisions, including decisions about discontinuing either study drug.
Blood was obtained for measurement of the troponin level (or the MB fraction of creatine kinase [CK-MB] if troponin was not measured) 6 to 12 hours after surgery and daily for the next 3 days. Electrocardiography was performed if the troponin level or CK-MB level was elevated. Research personnel at participating centers followed patients until 30 days after randomization, collected the data, and submitted the casereport forms and supporting documentation of events directly to the data management system (iDataFax). Data monitoring consisted of central checks for data consistency, statistical monitoring, and on-site monitoring.
Outcomes
The primary outcome (a composite of death or nonfatal myocardial infarction) and the secondary outcome (a composite of death, nonfatal myocardial infarction, or stroke) were documented within 30 days after randomization. The tertiary and safety outcomes are listed in Section 2 in the Supplementary Appendix, and all the outcomes are defined in Section 3 in the Supplementary Ap pen dix. Outcome adjudicators evaluated whether a death was due to vascular or nonvascular causes and whether a patient had a myocardial infarction, nonfatal cardiac arrest, pulmonary embolism, deep-vein thrombosis, stroke, or peripheral arterial thrombosis (Section 4 in the Supplementary Appendix); the findings as determined by the adjudicators were used in the statistical analyses.
Statistical Analysis
We estimated that with a sample of 10,000 patients, the study would have 84% power to detect a hazard ratio with clonidine of 0.75, at a twosided alpha level of 0.05, assuming a 30-day rate of 6.1% for the primary outcome in the placebo group. 5 An external data and safety monitoring committee conducted prespecified interim analyses when 25%, 50%, and 75% of the 30-day followup data were available.
Statistical analyses were performed with the use of SAS software, version 9.1. We evaluated patients according to the study group to which they had been assigned, and data from patients who were lost to follow-up were censored on the last day that their outcome status was known.
Outcomes were analyzed with the use of Cox proportional-hazards models, with stratification according to assignment to aspirin or to aspirin placebo and status with respect to long-term aspirin therapy; the only exceptions were the outcome of acute kidney injury with receipt of dialysis, for which we used a logistic-regression analysis, and the length-of-stay outcomes, for which we used the log-rank test.
We also performed prespecified analyses of the primary outcome in subgroups defined according to type of anesthesia (neuraxial vs. other), type of surgery (vascular vs. nonvascular), use or no use of beta-blockers during the 24 hours before surgery, and the number of criteria for the Revised Cardiac Risk Index that the patient met. 15 We stated a priori the expected direction of effects in the subgroups. For the subgroup analyses, we used Cox proportional-hazards models that incorporated tests of interaction, for which P values of less than 0.05 were considered to indicate statistical significance.
R esult s
Patients
The POISE-2 study included 10,010 patients at 135 hospitals in 23 countries; 5009 patients were randomly assigned to clonidine and 5001 to placebo. The 30-day follow-up was complete for 99.9% of the participants (Fig. S1 in the Supplementary Appendix). The baseline characteristics of the participants, the type of surgery they underwent, the anesthesia used, and the medications they received are shown in Table 1 . The mean age of the patients was 68.6 years, and 47.2% were women. More than 97% of the patients received the study drug before surgery, and in more than 90%, the transdermal study patch remained in place for at least 80% of the targeted duration of application ( Table S1 in the Supplementary Appendix).
Outcomes
The effect of clonidine on 30-day outcomes is shown in Table 2 . Clonidine did not significantly affect the primary outcome of death or nonfatal myocardial infarction (hazard ratio with clonidine, 1.08; 95% confidence interval [CI], 0.93 to 1.26; P = 0.29) ( Fig. 1 ). Myocardial infarction occurred in 329 patients (6.6%) assigned to clonidine and in 295 patients (5.9%) assigned to placebo (hazard ratio, The median length of stay in the hospital was 4 days (interquartile range, 3 to 7) for both the clonidine group and the placebo group (P = 0.97).
There was no significant between-group difference in the mean number of nights spent in the intensive care unit or the cardiac care unit (P = 0.48). Status with respect to receipt of the aspirin study drug had no significant effect on the results of the comparison of clonidine with placebo (P≥0.12 for all interactions). Clinically important hypotension occurred in significantly more patients in the clonidine group than in the placebo group (2385 patients [47.6%] vs. 1854 patients [37.1%]; hazard ratio, 1.32; 95% CI, 1.24 to 1.40; P<0.001). Clinically important bradycardia occurred in 600 patients (12.0%) in the clonidine group as compared with 403 patients (8.1%) in the placebo group (hazard ratio, 1.49; 95% CI, 1.32 to 1.69; P<0.001).
Prespecified Subgroup Analyses
Results of the subgroup analyses of the primary outcome are shown in Figure 2 . Of the 605 patients who underwent vascular surgery, 83 had a primary outcome event, but there was no significant difference between the two study groups. There were, however, two significant P values for interaction; the direction of the interactions was inconsistent with our a priori hypotheses. The results suggest that clonidine may increase the risk of the primary composite outcome in patients who do not undergo neuraxial anesthesia and in patients with a score of 3 on the Revised Cardiac Risk Index (on which scores range from 0 to 6, with higher scores indicating greater risk). Table 3 shows the results of the post hoc multivariable analysis of factors associated with perioperative myocardial infarction. Clinically important hypotension was an independent predictor of subsequent myocardial infarction (hazard ratio, 1.37; 95% CI, 1.16 to 1.62). Table S3 in the Supplementary Appendix shows the rate and duration of clinically important hypotension at different time points. Although more patients had clinically important hypotension during surgery than afterward, the duration of hypotension was considerably longer after patients left the postanesthesia care unit. For example, in the clonidine group, the median duration of clinically important hypotension during surgery was 15 minutes, whereas on the first postoperative day it was 180 minutes.
Post Hoc Analyses
Discussion
The POISE-2 trial showed that low-dose clonidine, as compared with placebo, did not reduce the composite outcome of death or nonfatal myocardial infarction in adults undergoing noncardiac surgery. Moreover, clonidine increased the risk of clinically important hypotension, clinically important bradycardia, and nonfatal cardiac arrest.
A systematic review of perioperative use of α 2 -adrenergic agonists (i.e., clonidine, dexmedetomidine, and mivazerol) included 12 trials involving patients who were undergoing noncardiac surgery; outcomes were reported separately for patients who were undergoing vascular surgery and those who were undergoing nonvascular surgery. 16 Meta-analyses showed that among patients who were undergoing vascular surgery, administration of a fixed dose of an α 2 -adrenergic agonist, as compared with a placebo or standard care, significantly reduced the risks of both death (13 events vs. 26 events; relative risk, 0.47; 95% CI, 0.25 to 0.90) and myocardial infarction (45 events vs. 65 events; relative risk, 0.66; 95% CI, 0.46 to 0.94). Among the patients undergoing nonvascular surgery, however, there was no significant effect of α 2 -adrenergic agonists on the risk of death ( Results of the six trials in the systemic review that included data on hypotension suggested that the use of α 2 -adrenergic agonists in patients undergoing noncardiac surgery did not increase the risk of hypotension (relative risk, 1.03; 95% CI, 0.89 to 1.21). 16 In contrast, the POISE-2 trial showed that low-dose clonidine increased the risk of clinically important hypotension.
In our trial, only 605 patients underwent vascular surgery, of whom 83 had a primary outcome event. The lack of a subgroup effect for vascular surgery (P = 0.34 for interaction) suggests that the best estimate of the effect of clonidine with respect to the primary outcome in patients undergoing vascular surgery is likely to be similar to the effect in the overall study population (i.e., hazard ratio, 1.08; 95% CI, 0.93 to 1.26).
Several previous trials of perioperative cloni- * Plus-minus values are means ±SD. There were no significant differences between the groups in any of the baseline characteristics listed here, with the exception of a history of transient ischemic attack (P = 0.03) and an interval between randomization and surgery of 24 hours or less (P = 0.01). † Patients were eligible for enrollment in the study if they met one or more of the eligibility criteria. ‡ "Any vascular disease" was defined as coronary artery disease, peripheral arterial disease, or stroke. Patients may have had a history of more than one vascular disease. § Meeting this eligibility criterion involved meeting at least three of the nine risk criteria listed here. ¶ Patients may have had more than one type of surgery. ‖ Data were not available because the patients withdrew from the study. ** A total of 81.2% of the patients in the clonidine group and 81.7% of those in the placebo group who received a betablocker within 7 days to more than 24 hours before surgery also received a beta-blocker within 24 hours before surgery. † † A total of 88.6% of the patients in the clonidine group and 90.9% in the placebo group who received a beta-blocker within 24 hours before surgery also received a beta-blocker during the first 3 days after surgery.
dine have suggested that low-dose clonidine reduces the risk of myocardial ischemia without inducing hemodynamic compromise and that it may prevent myocardial infarction and death. 10, 11, [17] [18] [19] In contrast to the POISE-2 trial, these trials were small (<300 patients in each trial) and included few events. Evidence suggests that the surgical stress response is a mechanism that can cause the mis-match between the supply of and demand for myocardial oxygen, a mismatch that can result in perioperative myocardial infarction. 4 Possible approaches to attenuating the adverse effects of the surgical stress response include treatment with a beta-blocker and treatment with an α 2adrenergic agonist. In a previous trial evaluating perioperative use of a beta-blocker (the POISE trial), which involved 8351 patients, we found that metoprolol succinate in an extended-release pill (at a dose of 100 mg administered just before noncardiac surgery and 200 mg daily thereafter for 30 days), as compared with placebo, reduced the risk of myocardial infarction (176 events vs. 239 events; hazard ratio, 0.73; 95% CI, 0.60 to 0.89). 5 The POISE-2 trial showed that clonidine, which attenuates the perioperative stress response through a different mechanism, did not reduce the risk of myocardial infarction (hazard ratio, 1.11; 95% CI, 0.95 to 1.30). We offer two potential explanations for these findings. First, enhanced control of the heart rate appears to increase protection against perioperative myocardial infarction, 20 and the results of the POISE-2 trial suggest that clinically important hypotension increases the risk of perioperative myocardial infarction. Therefore, creat-ing a better balance between perioperative supply of and demand for myocardial oxygen may require a balance between decreasing the heart rate (thus minimizing demand) and avoiding clinically important hypotension (thus ensuring supply). Although we did not collect data on daily heart rates in the POISE-2 trial, clinically important bradycardia may act as a proxy for the overall effect on control of the heart rate. We used the same definitions of clinically important hypotension and bradycardia in the POISE and POISE-2 trials. The risk of clinically important hypotension was increased among patients who received metoprolol in the POISE trial (hazard ratio, 1.55; 95% CI, 1.38 to 1.74) and among those who received clonidine in the POISE-2 trial (hazard ratio, 1.32; 95% CI, 1.24 to 1.40). 5 The risk of clinically important bradycardia was also in- The area of each square is proportional to the size of the corresponding subgroup. The Revised Cardiac Risk Index ranges from 0 to 6, with higher scores indicating greater risk.
creased with metoprolol and with clonidine; however, metoprolol had a substantially larger relative effect than did clonidine (hazard ratio with metoprolol, 2.74; 95% CI, 2.19 to 3.43; hazard ratio with clonidine, 1.49; 95% CI, 1.32 to 1.69). It is therefore possible that the balance between heart-rate control and hypotension produced the discrepant results that were observed between metoprolol and clonidine.
A second potential explanation for the difference between the POISE trial and the POISE-2 trial with respect to the effects on myocardial infarction is that the effect on important but poorly understood determinants of myocardial ischemia and infarction differs between the sympathetic block produced by central α 2 -adrenergic agonists and that produced by peripheral betablockers.
The POISE-2 trial revealed no significant effect of clonidine on the rate of stroke (18 strokes in the clonidine group and 17 in the placebo group; hazard ratio, 1.06; 95% CI, 0.54-2.05), whereas the POISE trial showed that metoprolol increased the risk of stroke (41 strokes vs. 19 strokes; hazard ratio, 2.17; 95% CI, 1.26 to 3.74). 5 Potential explanations for this finding include differences in the relative effects of the two agents on hypotension (hazard ratio with metoprolol, 1.55; 95% CI, 1.38 to 1.74; hazard ratio with clonidine, 1.32; 95% CI, 1.24 to 1.40) or differences in the power of the two trials.
In the POISE-2 trial, there was a significant increase in the risk of nonfatal cardiac arrest with clonidine as compared with placeboequivalent to two additional cases per 1000 patients. The main types of nonfatal cardiac arrest were asystole and pulseless electrical activity.
Two subgroup analyses of the primary outcome showed significant P values for interaction. It is appropriate to consider with skepticism the results of the analysis of the subgroup defined according to the Revised Cardiac Risk Index because those results do not follow a linear pattern, suggesting that they may represent a chance finding (Fig. 2) . The analysis of the subgroup defined according to the anesthesia suggests that among patients receiving non-neuraxial anesthesia, clonidine may increase the risk of death or nonfatal myocardial infarction. This subgroup effect was counter to the direction of our a priori hypothesis and requires cautious interpretation. Moreover, clonidine did not show a benefit in any of the subgroup analyses.
In the POISE-2 trial, we evaluated a fixed, lowdose clonidine regimen that was initiated just before surgery and was continued for 72 hours after surgery. We selected this regimen because small trials had suggested that it might prevent myocardial infarction and death without causing hypotension, 19 because the 72-hour period after surgery is the period when catecholamine levels are elevated and most myocardial infarctions occur, and because the regimen is practical in the clinical setting. 2, 21, 22 Other clonidine regimens may produce different results. The POISE-2 trial showed that a substantial problem persists, as evidenced by the fact that 7.1% of adults died or had a nonfatal myocardial infarction in the first 30 days after surgery. The data indicate that in current practice, low-dose clonidine does not minimize these complications. If decreasing the heart rate while minimizing hypotension is important in preventing perioperative myocardial infarction, the finding of the POISE-2 trial that patients had prolonged episodes of clinically important hypotension after surgery identifies a target for potential improvement.
In conclusion, administering low-dose clonidine in patients undergoing noncardiac surgery did not reduce the composite outcome of death or nonfatal myocardial infarction, and it increased the risk of clinically important hypotension. New strategies are needed to address the problem of major vascular complications after noncardiac surgery. * We performed a multivariable logistic-regression analysis to determine the independent predictors of myocardial infarction. In this model, the dependent variable was myocardial infarction at 30 days after randomization, and we included potential independent preoperative variables that we had determined in previous studies to be independent predictors of perioperative myocardial infarction (i.e., history of stroke, hypertension, congestive heart failure, coronary artery disease, peripheral vascular disease, diabetes for which the patient was receiving medical treatment, preoperative estimated glomerular filtration rate [GFR; <60 ml per minute per 1.73 m 2 of body-surface area vs. ≥60 ml/minute/1.73 m 2 in reference group], age ≥75 years, every increase of 10 beats per minute in baseline heart rate, and urgent or emergency surgery) and potential independent intraoperative and postoperative variables that occurred before myocardial infarction (i.e., clinically important bradycardia, clinically important hypotension, and all major bleeding episodes, which were time-dependent variables in the model). † Data on estimated GFR were available for 9841 patients. ‡ Major bleeding was a composite of life-threatening bleeding or major bleeding. 
